Norbakuchinic acid (NBKA) is the most abundant metabolite of bakuchiol (a hepatotoxicity and nephrotoxicity component in Psoralea corylifolia L.) in plasma and urine. The present study aimed to identify human UDPglucuronosyltransferase (UGT) isoforms involved in NBKA glucuronidation, and to assess the inhibition potential of NBKA against recombinant UGTs. NBKA glucuronidation was determined using human liver microsomes (HLM) and human intestine microsomes (HIM) as well as expressed UGTs. The mechanisms of NBKA-UGT interactions were explored through kinetic characterization and modeling. As a result, two glucuronides (G1 and G2) were detected by HLM and HIM. G2 was dominantly produced with CL int values of 3.21 and 0.96 mL min À1 mg À1 in HLM and HIM, respectively. Furthermore, based on the relative activity factor (RAF) approach, UGT1A9 and 2B7 represented 5.98 and 46.16% of G2 in HLM, respectively. In addition, G2 was both significantly correlated with propofol-glucuronidation (r ¼ 0.681, p ¼ 0.015) and AZT-glucuronidation (r ¼ 0.832, p ¼ 0.0008). Also, NBKA glucuronidation showed marked species differences. Moreover, NBKA displayed broad-spectrum inhibition against human UGTs. Kinetic analyses showed that inhibition of these UGTs followed competitive (UGT1A1), mixed (UGT1A3, 1A6, 1A10, 2B7, 2B15
Introduction
Bakuchiol (BK) is a phenolic compound isolated from the seeds of Psoralea corylifolia L., which has been broadly used as a kidney tonifying agent for the treatment of asthma, diarrhea and osteoporosis osteoporosis.
1 Meanwhile, BK is the most abundant active compound, which accounts for 6.24% weight of the dried seeds.
2 And also, it has attracted increasing interest for various biological activities including reduction of bone loss, antitumor and anti-inammatory. [3] [4] [5] [6] However, high doses of BK could induce kidney toxicity in mice, and also showed toxicity in HepG2 and HK-2 cells in vitro. [7] [8] [9] In addition, BK has poor bioavailability (3.2% in rats) due to signicant rst-pass metabolism. [9] [10] [11] [12] [13] In our previous study, BK was mainly metabolized and transformed to norbakuchinic acid (NBKA), an oxidation product of BK. 7, 14 Further bioactivity evaluation suggested that NBKA exhibited no cytotoxicity on HKC-8 cells even at the highest concentration 50 mM. 7 Moreover, NBKA was also present in the highest exposure in rat plasma, and then underwent conjugation through UDP-glucuronosyltransferases (UGTs) pathway to produce NBKA-O-glucuronides aer oral administration of BK or Psoralea corylifolia L. extracts. 7, 14 However, the UGT isoforms involved in the glucuronidation of NBKA, and the interactions between NBKA and human UGTs still remain unknown. In consideration of the wide use of Psoralea corylifolia L., the frequency of the co-administration of BK with other clinical drugs is relatively high. Thus, it is very necessary to evaluate the potential risks of the herb-drug interactions between NBKA and other therapeutic drugs.
Phase II enzymes catalyze the conjugation of a hydrophilic moiety (mainly glucuronic acid and sulfonate group) to the drugs, which make drugs more water soluble and excretable. 15 Human UGTs are involved in the metabolism of various endogenous substance and xenobiotic drugs by transferring a glucuronic acid from its cofactor uridine diphosphoglucuronic acid (UDPGA) to substrates. 16 It is illustrated that human UGTs are responsible for approximately 35% of drugs metabolized by phase II enzymes. 16 So far, human UGTs are mainly divided into four subfamilies, namely UGT1, UGT2, UGT3, and UGT8, based on their amino acid sequence. 17 Most human UGTs are expressed in the liver, but several isoforms (UGT1A7, 1A8, 1A10, etc.) are predominantly expressed in these tissues such as the digestive tract (mainly intestine), kidney, lung, prostate, mammary and adrenal. 18 Human intestinal UGTs are also considered as important determinants in intestinal metabolism, especially for those oral phenolic compounds. 19 Therefore, the glucuronidation and the inhibition against human UGTs in the liver and gastrointestinal tract both play an important role in the oral bioavailability of many phenolic drugs or natural products.
The aim of this present study is to identify the main UGT enzymes involved in NBKA glucuronidation as published study previously, 20 and to investigate the inhibitory effects of NBKA against human UGTs based on seven probe substrates. 21, 22 Hopefully, this study will be useful in disclosing new potential toxicities resulting from lowering activities of human UGTs when there is a co-administration of Psoralea corylifolia L. with other drugs.
Experimental

Chemicals and reagents
Alamethicin, uridine diphosphate glucuronic acid (UDPGA), Dsaccharic-1,4-lactone and magnesium chloride (MgCl 2 ) were provided from Sigma-Aldrich (St Louis, MO). Pooled human liver microsomes (HLM), human intestinal microsomes (HIM), monkey liver microsomes (MkLM), rat liver microsomes (RLM), mice liver microsomes (MLM), dog liver microsomes (DLM), guinea pig liver microsomes (GpLM), rabbit liver microsomes (RaLM), and recombinant expressed human UGT Supersomes™ (UGT1A1, 1A3, 1A4, 1A6, 1A7, 1A8, 1A9, 1A10, 2B4, 2B7,  2B10, 2B15 and 2B17) were all obtained from Corning Biosciences (New York, USA). All experiments were approved by the Ethics Committee of Jinan University in Guangzhou of China (Ethical Review No. 20130301003 ). All procedures were in accordance with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health). Norbakuchinic acid with purity over 98% were prepared and identied in our laboratory. 7 Androsterone, 4-methylumbelliferone (4-MU), amitriptyline, b-estradiol, magnolol, propofol, suberoylanilide hydroxamic acid (SAHA), triuoperazine (TFP) and zidovudine (AZT) were purchased from Aladdin Chemicals (Shanghai, China). All other chemicals and reagents were of analytical grade or the highest grade commercially available.
Glucuronidation assay
NBKA (0.25-100 mM) was incubated with HLM, HIM, MkLM, RLM, MLM, DLM, GpLM and RaLM and thirteen expressed UGTs enzymes to determine the rates of glucuronidation as published previously. 20 Briey, the incubation mixture (200 mL, 37 C) mainly contained 50 mM Tris-hydrochloric acid buffer (pH ¼ 7.4), and MgCl 2 , alamethicin, saccharolactone and UDPGA with the nal concentration of 0.88 mM, 22 mg mL À1 , 4.4 mM and 3.5 mM, respectively. The reaction was terminated by adding equal volume of ice-cold acetonitrile. The samples were vortexed and centrifuged at 13 800g for 10 min. The supernatant was subjected to UPLC/Q-TOF-MS analysis. Incubation without UDPGA served as negative control to conrm the metabolites produced were UDPGA-dependent. All experiments were performed in triplicate. Preliminary experiments were performed to ensure that the rates of glucuronidation were determined under linear conditions with respect to the incubation time and protein concentration.
Chemical inhibition studies
Glucuronidation of NKBA in pooled HLM was measured in the absence or presence of an inhibitor (androsterone, magnolol and amitriptyline). Both androsterone and magnolol are the selective inhibitors for UGT1A9. 23 Androsterone and amitriptyline are both reported to be a selective inhibitor of UGT2B7.
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NKBA (10 mM) were incubated in the absence or presence of three concentrations of androsterone (0.1, 1 and 10 mM), magnolol (0.1, 1 and 10 mM) and amitriptyline (0.1, 1 and 10 mM) for the glucuronidation. The incubations conditions were same as these of glucuronidation assays.
Enzymes kinetic evaluation
The kinetic models Michaelis-Menten equation and substrate inhibition equation were tted to the data of metabolic rates versus substrate concentrations and displayed in eqn (1) and (2), respectively. Appropriate models were selected by visual inspection of the Eadie-Hofstee plot.
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The parameter were as follow. V is the formation rate of product. V max is the maximal velocity. K m is the Michaelis constant and [S] is the substrate. K si is the substrate inhibition constant. The intrinsic clearance (CL int ) was obtained using the maximal reaction rates at the saturated substrate concentration (V max /C ssc ) for Michaelis-Menten and substrate inhibition models.
Activity correlation analysis
According to the glucuronidation assay protocol as described previously, 20 the metabolic activities of individual HLMs (n ¼ 12) toward NBKA, propofol (a probe substrate for UGT1A9) and zidovudine (a probe substrate for UGT2B7) were determined. NBKA (4 and 10 mM), propofol (500 mM) and zidovdin (1.25 mM) were separately incubated with UDPGA-supplemented individual HLM (1.0 mg mL
À1
) for 120 min. Correlation analyses were performed between NBKA glucuronidation (G2) and propofol glucuronidation, and between NBKA glucuronidation (G2) and zidovdin glucuronidation. Correlation (Pearson) analyses was performed using GraphPad Prism V5 soware.
Contribution of UGT isoforms
The contribution of individual expressed UGT enzymes to NBKA glucuronidation in HLM was evaluated by the relative activity factor (RAF) approach. The relative activity factor was dened as the activity ratio of HLM to an expressed UGT enzyme (Supersome) toward a probe substrate for this enzyme using eqn (3). The relative amount of NBKA glucuronidation in HLM attributed to an expressed UGT enzyme was estimated by multiplying the glucuronidation activity derived with this enzyme by the corresponding RAF. The RAFs were derived for UGT1A9 and 2B7 using the well-recognized probe substrates propofol and AZT, respectively. The contribution of individual UGT enzyme were calculated according to eqn (4) .
2.7. Assessment of inhibitory effects of NBKA against human UGTs 4-MU was used as the non-selective substrate for UGT1A3, 1A6, 1A7, 1A8, 1A10, 2B4 and 2B15. 21 b-estradiol, TFP, propofol, AZT, amitriptyline and SAHA were typically used as the specic probe substrate for UGT1A1, 1A4, 1A9, 2B7, 2B10 and 2B17, respectively. 22 In this study, the above probe substrates were incubated with the corresponding UGTs in both absence and presence of varying NBKA concentrations (1, 10 and 100 mM). Corresponding to the reported values of K m for each UGT isoform, the concentrations of these probe substrates were as follows: 60 mM b-estradiol for UGT1A1, 1200 mM 4-MU for UGT1A3, 40 mM TFP for UGT1A4, 100 mM 4-MU for UGT1A6, 20 mM 4-MU for UGT1A7, 800 mM 4-MU for UGT1A8, 40 mM propofol for UGT1A9, 30 mM 4-MU for UGT1A10, 1000 mM 4-MU for UGT2B4, 500 mM AZT for UGT2B7, 10 mM amitriptyline for UGT2B10, 250 mM 4-MU for UGT2B15 and 300 mM SAHA for UGT2B17.
21,22
The incubation mixture were same as these in glucuronidation assay above.
Kinetic analyses for NBKA-associated inhibition on human UGTs
Half maximal inhibitory concentration (IC 50 ) was determined using various concentrations of NBKA. The percent rate of control (in the absence of the NBKA) was calculated to assess whether NBKA had inhibition or activation effects or both. Inhibition kinetic parameters (K i ) were determined by using various concentrations of b-estradiol, TFP, propofol, AZT, amitriptyline, SAHA and 4-MU in the presence or absence of varying concentrations of NBKA. 26 The inhibition kinetic type was evaluated through determining the intersection point in the Dixon plot. The reversible inhibitory type can be categorized into competitive inhibition, non-competitive inhibition, or mixed inhibition.
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Three kinetic models were used to calculate the K i values by nonlinear regression using the eqn (5), eqn (6) and (7) for competitive inhibition, noncompetitive inhibition and mixed inhibition, respectively. The parameter were as follow. V is the velocity of the reaction; [S] and [I] are the substrate and inhibitor concentrations, respectively; K i is the constant describing the affinity of the inhibitor to the enzyme; aK i describes the affinity of the inhibitor to the complex of enzyme and substrate; K s is the constant describing the affinity of the substrate to the enzyme. Goodness of t was determined by R
Analytical conditions
Metabolite screening of NBKA glucuronide was performed using a UPLC-Q-TOF/MS system (Waters Corporation, Manchester, U.K.). Chromatographic separation was achieved on a BEH C18 column (2.1 mm Â 50 mm, 1.7 mm) maintained at 35 C. The mobile phase consisted of water (A) and acetonitrile (B) (both including 0.1% formic acid, v/v), and the ow rate was 0.5 mL min
À1
. The gradient elution program was as follows: 10-50% B from 0 to 2.0 min, 50-100% B from 2.0 to 3.0 min. Aer holding 100% B for next 0.2 min, the column was returned to its starting condition. The detection wavelength was set at 254 nm and the injection volume was 8 mL.
The UPLC system was coupled to a hybrid quadrupole orthogonal time-of-ight (Q-TOF) tandem mass spectrometer (SYNAPT™ G2 HDMS, Waters, Manchester, U.K.) equipped with electrospray ionization (ESI). The operating parameters were as follow: capillary voltage of À2.5 kV (ESIÀ); Sample cone voltage 40 V (ESIÀ); ramp trap collision energy of 40-60 V (ESIÀ); extraction cone voltage of 4 V, source temperature of 100 C, desolvation temperature 300 C, cone gas ow of 50 L h À1 and desolvation gas ow of 800 L h
. Argon was used as collision gas for CID in both MS E and MS 2 mode. To ensure mass accuracy and reproducibility, the mass spectrometer was calibrated over a range of 50-1500 Da using solution of sodium formate. Leucineenkephalin (m/z 554.2615 in negative ion mode) was used as external reference of LockSpray™ infused at a constant ow of 5 mL min À1 and data were centroid during acquisition.
Statistical analysis
Data are expressed as the mean AE SD (standard deviation).
Model tting and parameter estimation were performed by Graphpad Prism V5 soware (SanDiego, CA). Mean differences between treatment and control groups were analyzed by twotailed student's t test. The level of signicance was set at p < 0.05 (*), p < 0.01 (**) or p < 0.001 (***).
Results
Structural identication of NKBA metabolites
Aer incubation of NBKA with UDPGA-supplemented HLM, two additional peaks (t R ¼ 1.41 and 1.53 min) which have a similar UV absorption prole in addition to NBKA were detected by UPLC-DAD analysis (Fig. 1 (Fig. S1 †) . Meanwhile, the diagnostic fragment ions at m/z 175.0225 and 113.0208 were detected in MS/MS spectra, which indicated that they were characterized as monoglucuronide of NBKA (Fig. S1 †) . Their chemical structures (G1 and G2) were shown in Fig. 1 .
Reaction phenotyping and chemical inhibitors assays
To identify the enzymes involving in the glucuronidation of NKBA, thirteen expressed UGT enzymes were analyzed for their catalysis activities (expressed as pmol min À1 mg À1 protein) at the substrate concentrations of 2 mM (Fig. 2a ) and 20 mM (Fig. 2b) . Among thirteen expressed UGT enzymes, only UGT1A9 and 2B7 involved in the glucuronidation of NBKA ( Fig. 2a and  b) . Due to the concentration under the limit of quantication, it was unable to determine the kinetic parameters of G1 by UGT1A9 and 2B7.
To reveal the roles of UGT1A9 and 2B7 in glucuronidation (G2) of NKBA, a series of chemical inhibition assays was performed by using highly selective UGT1A9 inhibitors (androsterone and magnolol) and UGT2B7 inhibitors (androsterone and amitriptyline). As shown in Fig. 3 , androsterone (10 mM) exhibited the potent inhibition in HLM, with the remaining activity of 21.5% of the control values (Fig. 3) . Furthermore, magnolol (10 mM) exhibited weak inhibition in HLM, decreasing the activity to be 86.9% of the control values (Fig. 3) , whereas NBKA glucuronidation activity by HLM was decreased to be 28.9% of the control values in the presence of amitriptyline (10 mM) (Fig. 3 ).
Glucuronidation of NBKA in HLM, HIM and expressed UGTs
Kinetic proling revealed that formation of G1 and G2 in HLM well modeled by Michaelis-Menten kinetics (Fig. 4a) , whereas G1 and G2 by HIM followed the substrate inhibition equation (Fig. 4d) showed the highest glucuronidation activity (CL int ¼ 0.70 mL min À1 mg À1 ) ( Table 1) .
Activity correlation analysis
As mentioned, glucuronidation activity of propofol and AZT in HLM is a well-accepted functional marker for UGT1A9 and 2B7, respectively. 20 It was shown that G2 was signicantly correlated with propofol-glucuronidation (r ¼ 0.681, p ¼ 0.015) (Fig. 5a) , whereas G2 were strongly correlated with AZT-glucuronidation with correlation factors (r ¼ 0.832, p ¼ 0.0008) (Fig. 5b) , which the results indicated that UGT1A9 and 2B7 enzymes both played a critical role in NBKA glucuronidation. Clearly, UGT2B7 was the main UGT isoforms for the NBKA glucuronidation. These results also indicated that some other UGT isoforms were also responsible for the NBKA glucuronidation.
Glucuronidation of NBKA by DLM, RLM, MLM, MkLM, RaLM and GpLM
The apparent V max and K m values were determined for G1 and G2 by animal liver microsomes ( Table 1 ). The formation of G1 and G2 by these animal liver microsomes were well modeled by the classical Michaelis-Menten kinetics (Fig. S2a $e †) except G2 by MLM followed the substrate inhibition equation (Fig. S2f †) . Clearly, there was a marked species difference (up to 91.1-fold) in hepatic glucuronidation of NBKA. Furthermore, since G2 was the main metabolite of NBKA, guinea pig and rabbits were probably the appropriate models for the studies on NBKA glucuronidation in humans due to its appropriate kinetic parameters (Table 1) .
Effects of NBKA on the activities of recombinant human UGT enzymes
Modulation of recombinant human UGT activity by NBKA was determined using thirteen expressed UGT enzymes with commercial availability. The activities of human UGT enzymes were probed using the known substrates (b-estradiol, 4-MU, TFP, propofol, AZT, amitriptyline and SAHA) at a concentration around the K m value. 21, 22 As shown in Fig. 7 , upon addition of NBKA (100 mM, nal concentration), the catalytic activities of most human UGTs were strongly inhibited. Specically, the residual activities of UGT1A1, 1A3, 1A4, 1A6, 1A7, 1A8, 1A9, 1A10, 2B7, 2B15 and 2B17 were 6.2%, 6.0%, 14.6%, 14.5%, 16.5%, 17.8%, 14.6%, 9.9%, 34.6%, 10.5%, and 8.9%, respectively, of their null controls. By contrast, NBKA showed activation effects on UGT2B10 (Fig. 7) . Besides, UGT2B4 were not altered at three concentrations (Fig. 7) . To further characterize the inhibitory effects of NBKA against human UGTs activities, dose-dependent inhibition curves were plotted using different NBKA concentrations. It could be seen from Fig. 8-10 (Table 2) . As have already been reported, the IC 50 value of nilotinib against UGT1A1 was determined as 0.10 mM, 28 while magnolol showed a strong inhibitory effect against UGT1A9 with the IC 50 value of 0.08 mM, 29 and androsterone inhibited UGT2B7 activity with the IC 50 value of 12.58 mM. 30 Compared with these three well-known UGT inhibitors, NBKA is found to be a strong inhibitor against UGT1A1, 1A3, 1A4, 1A7, 1A8, 2B15 and 2B17 (IC 50 < 10 mM) while serving as a moderate inhibitor against UGT1A6, 1A9, 1A10 and 2B7 (IC 50 range from 10 to 40 mM). These ndings prompted us to further investigate the inhibition kinetic types and the corresponding inhibition parameters of NBKA, specically for UGT1A1, 1A3, 1A4, 1A7, 1A8, 2B15 and 2B17.
Kinetic analysis for inhibition of NBKA on recombinant human UGTs
To assess the possible mechanisms of NBKA inhibition against recombinant human UGT isoforms, inhibition kinetic analysis were carried out. The glucuronidation kinetics for UGTs (specic substrates) in the presence of NBKA was characterized using the Dixon plot based on the nonlinear regression analysis. In the Dixon plots, straight lines at different xed substrate concentrations intersected in the second quadrant, indicating that inhibition of UGTs by NBKA followed the competitive or mixed-type mechanism.
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As shown in Fig. 8 , Dixon plots (Fig. 8b) demonstrates that NBKA is a competitive inhibitor for UGT1A1-mediated b-estradiol-O-glucuronidation. Based on the nonlinear regression analysis, NBKA showed competitive inhibition against UGT1A1-catalyzed b-estradiol-3-glucuronidation, with a K i value of 3.28 mM (Table 2) . Likewise, Fig. 9 shows the mixed inhibition mechanism of NBKA against UGT1A3-mediated 4-MU-Oglucuronidation. The K i value of NBKA against UGT1A3 in Fig. 9b was determined as 2.67 mM ( Table 2 ). The inhibitory effects of UGT1A6, 1A10, 2B7, 2B15 and 2B17 exhibited the same manner as well as these of UGT1A3. The K i values were 13.58, 8.00, 20.31, 3.72 and 2.48 mM for UGT1A6, 1A10, 2B7, 2B15 and 2B17, respectively (Table 2) . By contrast, in the Dixon plot for inhibition of UGT1A4 metabolism (TFP as the substrate), the straight lines intersected on the x-axis, an indicator of noncompetitive mechanism (Fig. 10b) . Similarly, the K i values of NBKA against UGT1A4, 1A7, 1A8 and 1A9 were 5.62, 7.28, 7.35, 13.56 mM, respectively ( Table 2 ). The concentrationdependent plots and Dixon plots of NBKA against UGT1A6, 1A7, 1A8, 1A9, 1A10, 2B7, 2B15 and 2B17 were shown in Fig. S3 -S10, † respectively. The inhibition types and K i values for these UGTs are listed in Table 1 . These ndings suggested that NBKA is a strong and non-selective inhibitor of most members from the UGT1A and UGT2B subfamilies.
Discussion
NBKA, the most abundant primary metabolite of BK in rat plasma and urine aer oral administration of BK or Psoralea corylifolia extracts, mainly underwent the glucuronidation metabolism to be excreted from the body. 7, 14 And also, NBKA exhibited no cytotoxicity on HKC-8 cells even at the highest concentration 50 mM.
7 However, so far there is no published report regarding the glucuronidation of NBKA against human UGTs. In the present study, it was shown for the rst time that NBKA was efficiently metabolized in the liver via the glucuronidation pathway. In addition, the nding that UGT2B7 was the contributor to glucuronidation of NBKA was strongly supported by three lines of evidence. First, of all hepatic UGT enzymes, UGT1A9 (Fig. 4c) and 2B7 (Fig. 4d) showed predominant activities towards NBKA with CL int values of 0.24 and 0.70 mL min À1 mg À1 protein for G2, respectively (Table 1) .
Furthermore, chemical inhibitor, magnolol (10 mM) inhibited the activities of UGT1A9, reducing NBKA glucuronidation activities of to be 86.9% of the control (Fig. 3) , while the remaining activities of UGT2B7 for G2 were 21.5 and 28.9% in the presence of androsterone (10 mM) and amitriptyline (10 mM), respectively (Fig. 3) . Second, as shown in Fig. 5a and b, NBKA glucuronidation was signicantly correlated with propofolglucuronidation (r ¼ 0.681, p ¼ 0.015) and AZTglucuronidation (r ¼ 0.832, p ¼ 0.0008), respectively. Third, about 5.98% and 46.16% of NBKA glucuronidation (G2) in HLM was attributed to UGT1A9 and 2B7 based on the RAF approach. Therefore, the role of UGT enzymes in determining the body exposure (bioavailability) and elimination of this compound should not be underestimated.
To explore further the metabolic mechanism, the glucuronidation activity was obtained by kinetic proling and modeling at a series of NBKA concentrations. The relative activities of different expressed UGT enzymes toward NBKA glucuronidation were evaluated by the derived CL int values. Use of CL int (¼V max /C ssc ) as an indicator of UGTs enzymes activity was advantageous, because (1) CL int represents the catalytic efficiency of the UGT enzyme and is independent of the substrate concentration; (2) compared with other kinetic parameters such as C ssc and V max , CL int is more relevant in an attempt to predict hepatic clearance in vivo. 31 In addition, the CL int values of NBKA glucuronidation generated in HLM indicated a rst-pass metabolism in the liver aer oral administration, and the following hepatic glucuronidation should lead to a rapid elimination of NBKA from human body. Moreover, UGT1A9 and 2B7 are highly polymorphic enzymes. 32, 33 Since NBKA was predominantly metabolized by these two hepatic enzymes, a large pharmacokinetic variability was expected to exist among individuals with different UGT1A9 and 2B7 genotypes.
On the other hand, herb-drug interactions (HDIs) are significant clinical safety concerns. Many studies have reported that herbs can interact with several clinical drugs with narrow therapeutic indices, including warfarin, digoxin, docetaxel, irinotecan and so on. 34 Hence, evaluations of the inhibitory potentials of herbs have essential implications for drug development. As the most abundant metabolite in rats, greater attention should be given to avoiding the potential risks of drug-herb interactions following the oral administration of BK or Psoralea corylifolia extracts by considering the potent inhibitory effects of NBKA on several human UGTs. Thus, the inhibitory effects of NBKA against human UGTs were investigated for the rst time, and NBKA displayed potent inhibitory effects against several UGTs including UGT1A1, 1A3, 1A4, 1A7, 1A8, 2B15 and 2B17, with low K i values ranging from 2.48 to 7.35 mM (Table 2) . Compared with the inhibitory effects of BK against UGT1A6 (
this study showed that NBKA were with lower K i values and also was a potent and broad-spectrum inhibitor of human UGTs (Fig. 7) . However, to the regret, so far, there are no researches on the plasma concentration of norbakuchinic acid, the drug-drug interactions (DDI) potential in vivo for norbakuchinic acid via the inhibition against human UGTs enzymes were not predicted. Therefore, a research of NKBA pharmacokinetics in vivo is indispensable.
Recently, an increasing number of traditional herbs have attracted more attention for their potential toxic effects on human. 37 Psoralea corylifolia has been widely used as adjuvant therapy in several countries, mainly for the treatment of bone diseases.
3 Furthermore, it is recognized as one of the emerging hepatotoxins, and several cases on remarkably elevated bilirubin and acute liver injury aer exposure to Psoralea corylifolia and its related proprietary medicine have been reported. [38] [39] [40] It seems possible that the chemical compounds and xenobiotics in vivo of Psoralea corylifolia may be responsible for the hepatotoxicity. Previous studies demonstrated that the ethanol extracts of Psoralea corylifolia displayed strong inhibitory effect on UGT1A1, while several major compounds (such as bavachin, neobavaisoavone, isobavachalcone, bavachinin, corylifol A and bakuchiol) were identied as strong inhibitors of UGT1A1, 1A6, 1A8, 1A10 and 2B4.
35,36,41
It is also well known that the marketed drugs mainly metabolized by UGT1A1 (15%), 1A4 (20%) and 2B7 (35%).
42 UGT1A1 attracted more particular attention, due to this conjugating enzyme plays a key role in the metabolism of a wide variety of clinical drugs (such as morphine and SN-38) and some important endogenous toxicants (like bilirubin and bile acid). 30, 42, 43 So far, UGT1A1 is the only physiologically relevant UGT isoform involved in the metabolic clearance of endobiotics bilirubin, which is a toxic waste formed from heme degradation. Likewise, UGT1A4 expressed in liver is the main contributor for the metabolism of imipramine and triuoperazine, whereas AZT and morphine are the main substrates of UGT2B7. 30, 42 The inhibition of the catalytic activity of human UGTs by drugs or xenobiotics may not only trigger clinical adverse herb-drug interactions, but also result in metabolic disorders of endogenous substances. In fact, there are numerous clinically relevant therapeutic drugs causing elevated unconjugated bilirubin in blood via UGT1A1 inhibition. For example, the mechanism of indinavir-induced hyperbilirubinemia has been revealed as the direct competitive inhibitory effects on bilirubin conjugating activity rather than suppression of enzyme expression. 44 Inhibition of UGT1A1-mediated bilirubin clearance may also be an important reason for the nilotinib-induced elevated level of unconjugated bilirubin in serum. 45 Of importance, UGT2B15 and UGT2B17 are both regulated at the transcriptional level by their own androgen substrates through the androgen receptor. 46 In this study, our results clearly demonstrated that NBKA moderately inhibited the activities of UGT1A1, 1A3, 2B15 and 2B17 with K i values below 5 mM. These ndings indicate that NBKA might induce the clinically signicant interactions with drugs that are primarily metabolized by these human UGTs, especially UGT1A1.
Notably, the possibility of in vivo inhibition of NBKA against human UGTs is complicated by many factors, such as genetic polymorphisms. 32, 33, 47 It is also well known that some polymorphic expression of certain UGTs will dramatically reduce the expression and function of the corresponding enzyme. This may leads to underestimation of inhibitory effects for variants that possessing low catalytic activity. UGT1A1 is a highly polymorphic enzyme with high clinical signicance. 33 In factor, up to 42% African and South Asian populations possessing TArepeat polymorphism (UGT1A1*28, commonly diagnosed as Gilbert's syndrome) manifest impaired bilirubin-conjugating activity. 41 Thus, it is easily conceivable that individuals with UGT1A1*28 might be expected to be more susceptible to hyperbilirubinemia and subsequently hepatic dysfunction as a consequence of NBKA mediated inhibition of human UGT1A1. Similarly, polymorphisms in UGT1A7, UGT1A9 and UGT1A10, especially for UGT1A7*3, UGT1A9*3 and UGT1A10 T202I, will also inuence the inhibitory effects in vivo. 48 Moreover, the herb-drug interaction possibility of in vivo inhibition of NBKA against human UGTs needs to be fully considered.
Conclusions
In conclusion, NBKA, as the abundant metabolite in plasma and urine, were dominantly metabolized to produce two glucuronides (G1 and G2) in HLM and HIM. G2 was the main metabolites with the CL int values of 3.21 and 0.96 mL min À1 mg À1 protein in HLM and HIM, respectively. Furthermore, UGT2B7 (CL int ¼ 0.70 mL min À1 mg
À1
) and 1A9 (CL int ¼ 0.24 mL min À1 mg
) were mainly responsible for G2. In addition, G2 was signicantly correlated with propofol-glucuronidation (r ¼ 0.681, p ¼ 0.015) and AZT-glucuronidation (r ¼ 0.832, p ¼ 0.0008), respectively. Based on the RAF approach, about 5.98% and 46.16% of G2 in HLM was attributed to UGT1A9 and 2B7. Also, NBKA glucuronidation (G1 and G2) showed marked species differences. Moreover, NBKA displayed a broad-spectrum inhibition against human UGTs. The inhibition of these UGTs followed competitive (UGT1A1), mixed (UGT1A3, 1A6, 1A10, 2B7, 2B15 and 2B17) and non-competitive (UGT1A4, 1A7, 1A8 and 1A9) mechanisms, with K i values ranging from 2.48 to 20.31 mM. Among them, NBKA exhibited moderate inhibitory effects against UGT1A1, 1A3, 1A4, 1A7, 1A8, 2B15 and 2B17 (both IC 50 and K i values lower than 8 mM). On the contrary, the effect of NBKA was activating for UGT2B10, while UGT2B4 were not altered at three concentrations. Taken altogether, NBKA was primarily metabolized by UGT2B7, and had a potent and broadspectrum inhibitory effect against most human UGTs which suggested that much caution should be exercised when high-dose BK-included traditional Chinese medicine is coadministered with UGT substrates.
Conflicts of interest
There are no conicts to declare.
